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surface of the antennal lobes through a small window cut in the head cuticle; 
the>e experiments were done without the experimenter knowing whether the 
drop contained PCTor saline. In the second method (group 2, Table 1), 0.1 nl 
saline or picrotoxin (100 pAl— 1 mM in saline) was injected directly into the 
antenna! lobes through a small window in the head just above the base of each 
, antenna using a PicospriUer (General Valve) 25 . Injections gave the same results 
as topical applications, although PE response rates were reduced, as commonly 
observed after extensive surgery. After a time t x (10, 45, 60 or 90min) for 
recovery, animals were trained by using the following protocol 13,14 : 6 paired 
presentations of odorant (4-s pulse into a vented air stream) and sucrose (0.4 jxl 
of 1.25 M solution for group 1, 2 of 2 M solution for group 2, presented to 
the antenna and the proboscis 3 s after odorant pulse onset), every 2 min (group 
! 1 ) or 30 s (group 2). Animals showing a PE response in each trial were selected 
to receive 2 or 3 extinction (odour only) trials (one with each of the 2 or 3 test 
odours; see below) 90 min (group 1) or 60 min (group 2) after conditioning. 
' The odorants used for conditioning were 1 -hexanol or 1 -octanol. Groups were 
| counterbalanced to contain roughly equal numbers of bees trained with either 
' alcohol. The odours used for testing (1 -octanol, 1 -hexanol, geraniol) were 
j presented to each animal in a randomized order. Generalization between the 
alcohols and geraniol is typically low 16 . We used the percentage of subjects that 
responded to an extinction test as the response measure. Results were compared 
with x 2 statistics because behavioural data were categorical (PE or no PE). 
Statistical values are one- tailed because generalization responses were not 
expected to exceed the response levels to conditioned stimuli. 
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Prions are infectious particles causing transmissible spongiform 
encephalopathies (TSEs). They consist, at least in part, of an 
isoform (PrP^) of the ubiquitous cellular prion protein (PrP c ). 
Conformational differences between PrP c and PrP Sc are evident 
from increased p -sheet content and protease resistance in PrP Sc 
(refs 1-3). Here we describe a monoclonal antibody, 15B3, that 
can discriminate between the normal and disease-specific forms 
of PrP. Such an antibody has been long sought as it should be 
invaluable for characterizing the infectious particle as well as for 
diagnosis of TSEs such as bovine spongiform encephalopathy 
(BSE) or Creutzfeldt- Jakob disease (CJD) in humans. 15B3 
specifically precipitates bovine, murine or human PrP Sc , but not 
PrP c , suggesting that it recognizes an epitope common to prions 
from different species. Using immobilized synthetic peptides, we 
mapped three polypeptide segments in PrP as the 15B3 epitope. In 
the NMR structure of recombinant mouse PrP, segments 2 and 3 
of the 15B3 epitope are near neighbours in space, and segment 1 is 
located in a different part of the molecule. We discuss models 
for the PrP Sc -specific epitope that ensure close spatial proximity of 
all three 15B3 segments, either by intermolecular contacts in 
oligomeric forms of the prion protein or by intramolecular 
rearrangement. 

PrP-null mice were immunized with full-length recombinant 
bovine PrP. After fusion of spleen cells with myeloma cells, we 
selected —50 hybridoma cells that produced monoclonal antibodies 
recognizing either native bovine PrP Sc (PrP BSE ) immobilized on 
nitrocellulose or recombinant bovine PrP (rbPrP) in an enzyme- 
linked immunosorbent assay (ELISA). One of these antibodies 
(15B3) was selected for binding to protease-digested BSE brain 
homogenates; a second (6H4) efficiently recognized recombinant 
PrP. On western blots, 6H4 recognized rbPrP, as well as bovine, 
human, mouse and sheep PrP c , whereas 15B3 did not react with any 
form of PrP (results not shown). To determine the reactivity of these 
antibodies with native PrP c and PrP Sc , we immunoprecipitated PrP 
from brain homogenates of normal and BSE-infected cattle. The 
precipitated proteins were then analysed on western blots using a 
rabbit polyclonal antiserum to rbPrP (Fig, 1). The 6H4 antibody 
precipitated PrP from BSE as well as from normal brain homo- 
genates; 15B3 precipitated only PrP from brain homogenates of 
BSE-diagnosed cattle (Fig. la). Upon proteinase K treatment, 
normal PrP is completely digested, whereas the 33K-35K form of 
PrP^ is shortened to 27K-30K (PrP 27-30), probably as a result of 
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degradation of the amino-terminal segment of residues 23-90, 
analogous to hamster PrP 1 * 1 (ref. 3). Digestions of brain homo- 
gen at es or immunoprecipitates with proteinase K are shown in 
Fig. lb. Proteinase K digestion of BSE homogenates or the immuno- 
precipitate with 15B3 yields the PrP BSE -specifk band of 27K-30K 
(Fig. lb). Not all of the immunoprecipitated PrP was protease- 
resistant, suggesting that 15B3 recognizes multiple forms of disease- 
specific PrP with different sensitivities to proteinase K. Apparently, 
PrP with properties characteristic for PrP^ but without protease 
resistance occurs as an intermediate in the generation of fully 
proteinase- resistant PrP 5 * (ref. 4). No PrP 27-30 was found in 
normal homogenates or immunoprecipitates with protein A only 
(Fig. lb) or 6H4 (not shown). 15B3 therefore seems to be a PrP BSE - 
specific antibody, even though we immunized with recombinant 
bovine PrP. Injection of rbPrP into Tg20 mice overexpressing mouse 
PrP 5 has not produced disease for 430 days, whereas two out of four 
mice injected with a homogenate from the medulla of a BSE- 
affected cow have come down with TSE at 388 and 426 days 
(A.R., C.K. and B.O., unpublished results). In addition, it has 
been reported that recombinant PrP is not infectious 6 . Recombinant 
PrP is also not protease-resistant, which is a hallmark of PrP Sc (C.K., 
unpublished observation) 7,8 . The model of Lansbury and Caughey 9 , 
which postulates that the two isoforms of PrP are in a dynamic 
equilibrium, provides a possible explanation for these findings. By 
immunizing with large amounts of normal PrP, a small portion of 
the protein might, according to this hypothesis, have been in the 
scrapie-specific conformation when triggering the immune 
response. Alternatively, recombinant PrP molecules might transi- 



ently associate (see below and Fig. 3b), and thereby form the prion- 
specific epitope when acting as an immunogen. 

We further analysed the species specificity of 1 5B3 using mouse 
scrapie- infected brain homogenates (Fig. lc) and brain homoge- 
nates from CJD type-1 patients (Fig. Id) 10 . For comparison, the 
mouse brain homogenates of PrP-null as well as normal and 
scrapie- infected wild- type mice, and the immunoprecipitates cor- 
responding to twice the amount of the homogenates are shown 
(Fig. lc). Mouse PrP 1 * could be efficiently precipitated by 15B3, as 
indicated by the presence of PrP 27-30 after the digestion with 
proteinase K (Fig. lc, lane a). When brain homogenate was treated 
with proteinase K before the precipitation, 15B3 was also able to 
precipitate PrP 27-30 (Fig. lc, lane b), indicating that the N- 
terminal segment 23-90 is not critical for binding of 15B3 to PrP^, 
even though precipitation of intact PrP 5 * appeared to be more 
efficient than that of PrP 27-30. Proteinase K digestion causes the 
formation of large aggregates (scrapie-associated fibrils) which may 
mask the 15B3 epitope. Surprisingly, 15B3 also specifically recog- 
nized PrP QD from sporadic CJD cases but not human PrP c (Fig. Id), 
even though the amino-acid sequence in the regions of the 15B3 
epitope is not fully conserved (see below, and Fig. 2b). 

The epitopes recognized by the two antibodies were determined 
by using a gridded array of synthetic peptides consisting of 104 13- 
residue peptides sequentially shifted in steps of two amino acids and 
covering the whole mature bovine PrP sequence. A single linear 
epitope (DYEDRYYRE; corresponding to positions 144-152 of 
human PrP 11 ) was mapped for 6H4, whereas three distinct peptide 
sequences were found to form the 15B3 epitope (amino acids 
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Figure 1 1 m mil no precipitation of bovine, mouse and human PrP with monoclonal 
antibodies 15B3 and 6H4. a, The supernatant of a centrifuged homogenate from 
the medulla of two different BSE-diagnosed or two norma) animals was incubated 
with antibodies 6H4 or 15B3. Antibodies were precipitated with protein A- (15B3) 
or protein G-agarose (6H4). As a control, protein A only was incubated without 
antibodies. Precipitates were analysed on a western blot for the presence of PrP 
using a polyclonal rabbit antiserum to bovine PrP and goat-anti-rabbit Ig coupled 
10 alkaline phosphatase. Signals were developed with chemiluminescence 
substrates. Crossreaction of the secondary antibody with immunoprecipitated 
mouse immunoglobulins leads to the prominent band at about 50X. (Mote the 60K 
band characteristic for PrP 52 in the 15B3 but not in the 6H4 immuno- 
precipitationsP. b, Proteinase K digestion of PrP* 35 immunoprecipitated with 
mA 15B3. Undigested and d;gested bovine brain homogenates were compared 



to proteinase K digested immunoprecipitates with protein A-agarose only or with 
1583. The sharp band at 31 K represents a crossreactivity of the secondary 
antibody with proteinase K. The same immunoprecipitates and method of 
analysts were used as in a. c. tmmunoprecipitation of mouse PrP^ with mAb 
15B3. Homogenates from PrP-nu!! nfee (0/0) or wild-type mice {norma! (+/+) or 
scrapie-infected (+/+Sc)) were immunoprecipitated with mAB 15B3 or protein A- 
agarose only and analysed by western blotting as described. Digestion with 
proteinase K after (a) or before (b) the immunoprecipitation is indicated. Detection 
of PrP was done as described, d, Immunoprecipitation of human prP cn w*th mAb 
15B3. Brain homogenates (cerebe'lum) from normal persons or CJD patients type 
1 (ref. 10) were :mmunop'ec : pitated a n .d ana'ysed as described fcr a. Two 
representative examples from a total of 4 normal persons and 4 CJD cases are 
shown. 



NATURE ; VOL 390 , 6 NOVEMBER 1 997 



76 



letters to nature 




2 



o 
o 

3 



at 
09 



1 

21 
41 
61 
81 
101 




BoPrP 

KoPrP M 
KuPrP I 



140(151) 150 160 170 214 220 

i I I III 







1 




) t 




I 1583 - 1 ! 


| 15B3-2 | 






j 6H4 



Figure 2 Determination of epitopes for mAbs 15B3 and 6H4. A gridded array of 
synthetic peptides corresponding to bovine PrPwas incubated with 15B3, 6H4or 
with secondary antibody only (peroxidase-labelled goat anti-mouse Ig; control). 
Bound antibody was visualized with chemiiuminescence. Each spot corresponds 
to a 13-amino-acid peptide, which is shifted by two amino acids along the bovine 
PrP sequence relative to the previous peptide. Peptides were covalentiy attached 
at the C terminus to a cellulose support. A total of 104 peptides were used to cover 
the whole bovine PrP sequence including the six octa peptide repeat sequences 21 , 
b, Minimal sequences recognized by 15B3 or 6H4 antibodies in the array of 
synthetic bovine PrP peptides. The polypeptide segments of the 15B3 epitope are 
numbered as they occur in the amino acid sequence. The first 15B3 segment 
extends by two amino acids C-terminally (grey box) if spot number 62, which 
binds 15B3 only weakly, is excluded. The numbering of the sequence is according 
to human PrP 11 ; the number in brackets indicates the position in the bovine PrP 
sequences used for the construction of the array of synthetic peptides. Differ- 
ences with the human and mouse PrP sequences are indicated. 



142-148, 162-170, and 214-226; Fig. 2a, b). The relative positions 
of these partial epitopes in the amino-acid sequence revealed an 
overlap of the 6H4 epitope with the first segment of the 15B3 
epitope (Fig. 2b), 

Mapping of the 15B3 epitope onto the NMR structure of the C- 
terminal domain of mouse PrP (ref. 12) reveals close proximity of 
the peptide segments 2 and 3, but a much larger spatial separation of 
the segment 1 from either of the other two components (Fig. 3a). 
The peptide segment 1 occupies the N-terminal half of helix 1 plus 
the two residues preceding it, and it is recognized by 6H4 in PrP c as 
well as by 15B3 in PrP Sc . This finding would be compatible with 
either of the two following assumptions: (1) 15B3 recognizes 
segment 1 of its epitope only in concert with the segments 2 and 
3; (2) the polypeptide segment of helix 1 is differently folded in PrP c 
and PrP c . Component 2 of the 15B3 epitope is in the loop 
connecting the second |3- strand to the second helix, with two 
thirds of it in a disordered region in the three-dimensional struc- 
ture, and component 3 is located at the C-terminal end of helix 3 
(refs 12, 13). The peptide segments 2 and 3 are located in the 
proposed binding region for 'protein X* (ref. 14), which is char- 
acterized by significant alterations of the electrostatic surface 
potential among different mammalian species 15 : human PrP differs 
from bovine and mouse PrP in the replacement of the glutamine 
residues 168 and 219 by glutamic acid residues, as well as by 
conservative substitutions at positions 166 and 215. As bovine, 
mouse and human PrP Sc are all precipitated by 15B3 (Fig. la-d), 
this antibody probably binds to the conserved residues in this 
region. 

A single continuous 15B3 binding site could be formed either by 
aggregation of two or several PrP molecules 16 , or by structural 
rearrangement of a single PrP molecule, or by a combination 
thereof. Figure 3b suggests a spatial arrangement of a PrP dimer 
that would bring all three segments of the 15B3 epitope into spatial 
proximity, with minimal conformational changes of the individual 
molecules. It is based on the observation of a structural similarity 
between PrP( 12 1-231) and haemoglobins, which allows a super- 
position of the helices 1, 2 and 3 of PrP c onto the helices 1,6 and 7 of 
the haemoglobin p-subunit, with a root-mean-square distance for 
the polypeptide backbone of 2.4 A. Superposition of two molecules 




2 




Figure 3 The epitope of the monoclonal antibody 15B3 in the three-dimensional 
prion protein structure, a, Mapping of the 15B3 epitope onto a ribbon drawing of 
the NMR structure of the C-terminal domain PrP(121-231) of mouse PrP c (refs 12, 
; 26). The three segments of the 15B3 epitope are coloured yellow (1), violet (2) and 
! cyan (3) in the order in which they occur in the amino acid sequence (Fig. 2b). The 
I residual parts of the molecule and the single disulphide bridge are grey. Regular 
secondary structures are indicated by ribbons for helices and arrows for p- 
strands. Drawings in a and b were prepared with MOLMOL 27 b, Surface 
representation of two PrP(!21-231) moiecules after superposition onto two p- 
i subunits of the crystal lattice of sickle ceil haemoglobin 17 (Protein Data Bank entry 



1 H BS). The seg ments of the 1 5B3 epitope are numbered and coloured as in a. The 
superposition included the backbone atoms of residues 145-154, 179-189 and 
201 -217 of the helices 1, 2 and 3 of PrP( 121 -231 ) and of residues 5-14, 1CS- 116 and 
125-141 of the helices 1, 6 and 7 of haemoglobin S (r.m.s.d. = 2.4 A), c, Hypothe- 
tical fold of the prion protein that would bring all three components of the 15B3 
epitope into spatial proximity. The two cylinders represent the disulphide-Iinked 
helices 2 and 3 in the orientation of a. Helix 1 and the 0-sheet have been replaced 
by four p-strands that fern a greek key motif. The chain termini are iabeiied K and 
C, and the segments of the 15B3 epitope are numbered as In a. 
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of PrP( 1 2 1 -23 1 ) onto two adjacent (S-chains in the crystal lattice of 
haemoglobin S ::> (PDB entry 1HBS) brings the peptide segment 1 of 
one PrP molecule near to the segments 2 and 3 of the other molecule 
(Fig. 3b). This superposition aligns residue 6 of the p-chains of 
sickle cell haemoglobin with Trp at position 145 of the mouse prion 
protein, which is located in the middle of the epitope segment 1 and 
is fully exposed to solvent. Mutation of Glu 6 to valine is responsible 
for the formation of haemoglobin aggregates in sickle cell anaemia. 

Intramolecular structural rearrangement bringing all three seg- 
ments of the 15B3 epitope into close spatial proximity might involve 
the first helix and lead to an extension of the existing p-sheet 13 . In 
Fig. 3c, the resulting p-structure is assumed to consist of four 
strands aligned to form a greek-key motif. Other PrP^ models that 
would also lead to close approach of the three segments of 15B3 
epitope have been described 111 . 

The identification of an antibody that binds selectively to PrP 50 
from various species provides a new means to identify PrP Sc directly 
without using proteinase K digestion as a criterion. It will be 
interesting to see whether 15B3 will be able to neutralize infectivity 
and thus be a potential therapeutic reagent. The low level of PrP^ in 
peripheral tissues has made it difficult to use it as a marker for prion 
diseases 19 . Affinity selection of PrP Sc with 15B3 will allow enrich- 
ment of the abnormal isoform of PrP and thus lower the detection 
limit for PrP Sc > so a prion test for living humans or animals is 
conceivable. The mapping and three-dimensional modelling of the 
15B3 epitopes has provided a view of a prion- disease-specific 
epitope and may represent a starting point for the production of 
further diagnostic or therapeutic tools for TSEs. □ 



Methods 

Materials. BSE material was from naturally occurring Swiss cases of BSE, CJD 
brain material from patients suffering from CJD type 1 (ref. 10), which had 
been diagnosed using histopathology and immunohistochemistry for PrP. For 
mouse scrapie material, CD- 1 mice were experimentally infected with the RML 
strain 20 . 

Preparation of recombinant bovine PrP. The bovine PrP open reading frame 
was amplified by PCR from genomic DNA using the primers 5'-GGGAATTC- 
CATATGAAGAAGCGACCAAAACCTG and 5' -CGGGATCCTATTAACTTG- 
CCCCTCGTTGGTA. The resulting PCR product was cloned into pETlla 
(Novagen) using the Ndel and the Bom HI restriction sites. The resulting 
plasmid (pbPrP3) was transfected into £ colt BL21(DE3). Bacteria were grown 
to OD^o = 0.8 then induced with 1 mM IPTG and further grown at 30 °C for 
3 h. rbPrP corresponding to the mature form of bovine PrP containing six 
octarepeats 21 was purified from inclusion bodies after solubilization in 8M 
urea, 10 mM MOPS/NaOH, pH 7.0 (UM-buffer), on a CM sepharose column 
(Pharmacia; UM, 0-0.5 M NaCl gradient) and reverse-phase HPLC (Vydac C 4 
column, 0.1% trifluoroacetic acid, 0-60% acetonitrile gradient; C.K. and B.O., 
unpublished results). Resulting fractions contained either oxidized (elution 
time, 29 min) or reduced PrP (elution time, 34 min). Usually, CM-Sepharose 
fractions were oxidized with 1 |>M CuS0 4 for 1 h before purification by reverse- 
phase HPLC. Purified rbPRP was analysed by mass spectrometry, indicating a 
protein of the expected mass in which the N-terminal methionine was 
uncleaved. 

Immunization of PrP-nuIl mice. 100 fig recombinant bovine PrP in Freund's 
I complete adjuvant was injected into PrP null mice (mixed background 129/Sv 
I and C57BL/6J 22 ) subcutaneously, and 21 and 42 d later with the same amount 
I of antigen in Freunds incomplete adjuvant. Mice were boosted intraperitone- 
ally (day 48) and intravenously (day 49) with recombinant PrP dissolved in 
PBS. At day 50, mice were decapitated and splenocytes fused to myeloma cells 
as described 25 . Supernatants of the resulting hybridoma cell lines were screened 
both by ELISA with recombinant bovine PrP as antigen and by ELI FA" using 
native, protease-digested brain homogenate of BSE-diseased cattle. Positive 
hybridoma cells were subcloned three times. 

Characterization of antibodies. Supernatants of selected hybridomas were 
used to probe bovine PrP in brain homogenates or recombinant PrP on western 
; blots. To determine the epitopes, antibodies were incubated with a gridded 
array of peptides comprising 1 04 polypeptides of 1 3 amino acids, shifted by two 



amino acids and covering the entire mature bovine PrP sequence containing six 
octapeptide repeats 2 The peptides were covalently attached at their C termini 
to a cellulose support as individual spots (Jerini Biotools, Berlin). Bound 
antibody was detected with goat anti- mouse immunoglobulin coupled to 
horseradish peroxidase and chemiluminescence. Signals were recorded on 
Hyperfilm ECL (Amersham). For immunoprecipitation, 200 brain 
homogenates (precleared by centrifugation at 13,000g for 15 min) were 
incubated for 2h at room temperature with 200 u>l 0.25 mgmT 1 antibody- 
containing serum-free medium; after incubation with an additional 50 
protein A- or protein G- coupled agarose (for 15B3 and 6H4, respectively; 
Boehringer Mannheim) for 2h at room temperature, agarose beads were 
centrifuged at 13,O00g for 3 min and the pellet washed according to the 
manufacturer. Proteinase K (PK) digestions of immunoprecipitates were 
done with 20 fig ml" 1 PK (Sigma) for 30 min at 37°C. Pellets were then 
boiled in SDS-sample buffer for analysis on western blots. I mm uno precipitated j 
PrP was detected with polyclonal antibodies raised against bovine recombinant ' 
PrP in rabbits (R 26) followed by incubation with a goat anti-rabbit immuno- 
globulin coupled to peroxidase or a goat anti -rabbit IgG coupled to alkaline 
phosphatase. Bound enzymatic activity was visualized with chemiluminescent 
substrates (ECL, Amersham, or CSPD, Tropix, respectively). 
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A prion protein epitope selective for the pathologically 
misfolded conformation 

Eustache Paramithiotis 1 , Marc Pinard 1 , Trebor Lawton 2 , Sylvie LaBoissiere 1 , Valerie L Leathers 2 , Wen-Quan 
Zou 6 , Lisa A Estey 2 , Julie Lamontagne 1 , Marty T Lehto 6 , Leslie H Kondejewski 1 , Gregory P Francoeur 2 ' 8 , 
Maria Papadopoulos 1 , Ashkan Haghighat 1 , Stephen ) Spatz 2 ' 9 , Mark Head 3 , Robert Will 3 , James Ironside 3 , 
Katherine O'Rourke 4 , Quentin Tonelli 2 , Harry C Ledebur 1 , Avi Chakrabartty 5 & Neil R Cashman 1 ' 5 ' 6,7 

Conformational conversion of proteins in disease is likely to be accompanied by molecular surface exposure of previously 
sequestered amino-acid side chains. We found that induction of p-sheet structures in recombinant prion proteins is associated 
with increased solvent accessibility of tyrosine. Antibodies directed against the prion protein repeat motif, tyrosine-tyrosine- 
arginine, recognize the pathological isoform of the prion protein but not the normal cellular isoform, as assessed by 
immunoprecipitation, plate capture immunoassay and flow cytometry. Antibody binding to the pathological epitope is saturable 
and specific, and can be created in vitro by partial denaturation of normal brain prion protein. Conformation-selective exposure 
of Tyr-Tyr-Arg provides a probe for the distribution and structure of pathologically misfolded prion protein, and may lead to new 
diagnostics and therapeutics for prion diseases. 



The prion diseases are a group of neurodegenerative disorders char- 
acterized by neuronal cell loss, spongiform change, gliosis and depo- 
sition of abnormal amyloid protein 1 " 3 . Animal prion diseases 
include scrapie in sheep and goats, bovine spongiform encephalopa- 
thy (BSE) in cattle, chronic wasting disease in deer and elk, transmis- 
sible mink encephalopathy, and feline spongiform encephalopathy in 
domestic and exotic cats. In humans, recognized prion diseases 
include kuru, classical Creutzfeldt-Jakob disease (CJD), Gerstmann- 
Straussler-Scheinker syndrome (GSS), fatal familial insomnia and 
variant Creutzfeldt-Jakob disease (variant CJD). Of particular recent 
concern is variant C]D, presumably resulting from oral inoculation 
of BSE prions. Currently, cases of this emergent prion disease have 
been identified in the United Kinodom. France the Republic ot 
Ireland, Hong Kong, Italy, the United States and Canada 2,3 . There is 
no authoritative consensus on the ultimate extent of the primary 
variant CJD epidemic, nor to the risk of secondary human-to- 
human transmission by iatrogenic routes. 

The 'protein-only' hypothesis contends that prion infectivity 
resides in pathologically misfolded prion protein (designated PrP^, 
PrP BSE , or PrP c,D , depending on the species of origin; PrP Sc is used 
here to denote disease-associated PrP), which can 'recruit' cellular 
prion protein (PrP c ) by a template-directed process 1 . PrP 5 * generally 
possesses partial protease resistance and high P-sheet content, unlike 
the protease-sensitive, ct-helix-rich PrP c (refs. 4-6). As a distinct 
structural isoform of PrP, one would anticipate that PrP Sc should 



possess unique conformational epitopes. A 'shotgun* immunization 
of PrP-null mice with recombinant bovine PrP has yielded a single 
putative IgM monoclonal antibody to PrP^ (ref. 7), the specificity of 
which has not been confirmed outside of the reporting laboratory 
(refs. 8,9 and data not shown). We now report that antibody access to 
the PrP repeat motif Tyr-Tyr-Arg defines a PrP^-selective epitope. 

RESULTS 

PrP tyrosine exposure is dependent on conformation 

PrP Sc is poorly soluble and tends to aggregate under physiological con- 
ditions 4 "*, properties often associated with molecular surface expo- 
sure of hydrophobic amino-acid side chains. We hypothesized that 
side chains not normally exposed to solvent might participate in the 
formation of unique immunological epitopes tor selective antibody 
recognition of PrP 5 *. Low-pH treatment of recombinant PrP induces 
increased p-sheet content and promotes aggregation, perhaps model- 
ing aspects of the conformational conversion of PrP c to PrP 50 in dis- 
ease (refs. 10-12 and data not shown). We now report that low-pH 
treatment of full-length recombinant mouse PrP is accompanied by 
increased solvent exposure of tyrosine side chains, as indicated by 
increased tyrosine-specific fluorescence (Fig. la) and enhanced access 
to the collisional quenching agent acrylamide 13 (Fig. lb). In contrast, 
tryptophan-specific fluorescence was unchanged at low pH (Fig. la), 
with no observable change in acrylamide fluorescence quenching 
(data not shown). As virtually all tyrosine residues reside in the C-ter- 



iCaprion Pharmaceuticals Inc., 7150 Alexander-Fleming, St-Laurent, Quebec H4S 2C8. Canada, 2 IDEXX Laboratories Inc., 1 tDEXX Drive. Westbrook, Maine 04092, 
USA. 3 The National Creutzfeldt-Jakob Disease Surveillance Unit, Western General Hospital. Crewe Road. Edinburgh EH4 2XU. UK. 4 USDA-ARS-ADRU, 3003 A DBF, 
Washington State University, Pullman. Washington 99164-6630. USA. 5 Department of Medical Biophysics. University of Toronto, Ontario Cancer Institute, 610 
University Avenue. Toronto, Ontario MSG 2M9. Canada. Centre for Research in Neurodegenerative Diseases, 6 Queen's Park Crescent West. University of Toronto. 
Toronto. Ontario M5S 3H2. Canada. 7 Sunnybrook & Women's College Health Sciences Centre, University of Toronto, 2075 Bayview Avenue, Toronto. Ontario M4N 
3M5. Canada. a Deceased. Present address: Vertex Inc.. 130 Waverly Street. Cambridge, Massachusetts 02139-4242, USA. Correspondence should be addressed to 
N.RX. (neil.cashma n@u tor on to.ca ) . 
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Figure 1 Conformational changes in PrP are associated with solvent exposure of tyrosine side chains, 
(a) pH-induced changes in tyrosine (•) and tryptophan {□) fluorescence of recombinant PrP. (b) pH- 
dependent changes in acrylamide quenching of tyrosine residues of PrP(23-231) against acrylamide 
concentration. The increased slope of the Stern- Volmer plots at pH 3 (■) compared with pH 7 (□) 
indicates that the tyrosyl groups are more accessible to acrylamide at lower pH. Plots represent the 
ratio between fluorescence in the absence <f 0 ) and presence (f) of acrylamide. (c) Conserved Tyr-Tyr-X 
motifs (boxes) in aligned amino-acid sequences of human, sheep, mouse, hamster and bovine PrP. 



minal two-thirds of PrP, changes in tyrosine solvent access are proba- 
bly indicative of conformational changes in this 'structured 
domain' 14 " 16 , which also contributes to the infectious, protease- resist- 
ant fragment of PrP^ (refs. 4-6). 

Tyr-Tyr-Arg antibodies selectively recognize PrP Sc 
The majority of tyrosine residues in the structured domain of PrP 
appear in pairs conserved across mouse, hamster, sheep, bovine and 
human PrP (Fig. lc). Two tyrosine pairs, located in a-helbc 1 and 
strand 2, are found in conjunction with a C-terminal arginine 
(human sequence residues 149-151 and 162-164, respectively), 
whereas a tyrosine pair at the C terminus of helix 3 (residues 
225-227) is flanked by a C-terminal aspartate in mouse and hamster 
or a glutamine in sheep, bovine and human PrP. We reasoned that the 
increased solvent exposure of tyrosyl side chains in p-sheet-rich 
recombinant PrP might involve at least one such bi-tyrosine motif. 
Furthermore, if recombinant P-sheet-rich models some structural 
features ofPrP Sc (refs. 10-12), antibody access to one or several Tyr- 
Tvr-X motifs may provide a PrP^-selective conformational epitope. 

To test this hypothesis- rabbit? were immunized with Tyr-Tyr-Arc- 
NH 2 peptides coupled through an N-terminal cysteine residue to 
keyhole limpet hemocyanin (KLH). Purified rabbit lgG fractions 
were conjugated to magnetic beads and used in immunoprecipita- 
tion experiments with normal and prion -infected brain 
homogenates (see Supplementary Methods online). This bead-con- 
jugated antibody (designated C2) specifically immunoprecipitated 
PrP 5 * from ME7 scrapie-infected mouse brain homogenates (Fig. 2a, 
lanes 1 1 and 12; Table 1) but not PrP c from uninfected brains (Fig. 
2a, lanes 9 and 10). Additionally, the C2 polyclonal antibody 
immunoprecipitated the protease-resistant core of PrP^ 
(PrP(27-30)) from protease K-treated mouse scrapie brain 
homogenates (Fig. 2a, lane 12), indicating that its reactivity was not 
directed against the protease-sensitive domain of PrP^ (residues 23 
to -90) or against a protease-sensitive coprecipitated protein. As 
controls, magnetic beads coupled with monoclonal antibody 6H4, 
which recognizes an epitope present on both PrP c and PrP Sc (ref. 7), 
immunoprecipitated PrP from both normal and prion-infected 
brain (Fig. 2a, lanes 1-4), whereas beads coupled to BSA (Fig. 2a, 
lanes 5-8) orpreimmunc sera (Table 1) precipitated neither PrP iso- 



form. Similar results were obtained with goat polyclonal IgG against 
KLH-Cys-Tyr-Tyr-Arg (Table 1). 

Table 1 Species reactivity of PrP Sc -selective Tyr-Tyr-Arg antibodies 
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Tyr-Tyr-Arg antibodies recognize PrP Sc from prion-infected brains of multiple 
species. Reactivity (graded -, + or ++) was compiled from at least three brain 
immunoprecipitations. ND, not determined; pre. pre-immune sera. We used 
mouse prion strains ME7 and 139A, hamster strain 263K and human prion 
disease strains variant CJD. classical sporadic CJ0 and GSS. e CJD and GSS only. 
fc Vananl CJD only. 
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We next generated Tyr-Tyr-Arg mono- 
clonal antibodies by immunizing BALB/c 
mice with KLH conjugated to the peptide 
CYYRRYYRYY (this peptide sequence was 
chosen because one PrP bi-tyrosine motif is 
flanked by arginine at both N and C termini). 
Sixty monoclonal antibodies were selected by 
EL1SA screening against the Tyr-Tyr-Arg 
antigen coupled to a backbone comprising 
branched lysines (four-branch multiple anti- 
gen peptide; 4-MAP). Ten monoclonal anti- 
bodies binding 4-MAP-Tyr-Tyr-Arg, but not 
control 4-MAP-Ala-Ala-Ala, were tested for 
PrP^-specific recognition by immunopre- 
cipitation as described above. All ten mono- 
clonal antibodies displayed PrP^-specific 
immunoprecipitation from scrapie-infected 
ME7 and 139A mouse brain or 263K 
infected hamster brain, and from naturally 
prion-infected sheep and cattle (Table 1). 
Some monoclonal antibodies preferentially 
recognized PrP^ from a subset of these 
species, suggesting that the monoclonal anti- 
bodies did not recognize identical epitopes, a 
fmdingsupported by peptide competition 
experiments (see below). Immuno- 
precipitation studies performed with two 
monoclonal antibodies (1A12 and 17D10) 
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Figure 2 Tyr-Tyr-Arg antibodies selectively recognize PrP^. (a) Rabbit polyclonal antibody (C2) 
selectively immunoprecipitates PrP* and PrP(27-30) but not PrP 0 . C2-conjugated magnetic beads were 
incubated with normal (N) or scrapie-infected (Sc) mouse brain homogenate with (+) or without (-) 
proteinase K (PK) treatment, (b) Monoclonal antibodies 1A12 and 17010 selectively immunoprecipitate 
PrP^ from experimentally and naturally infected prion disease brain, but not PrP c from uninfected brain. 
4E4, isotype-control monoclonal antibody, (c) 17D10 immunoprecipitates PrP* from variant CJD 
(vCJDHnfected brain (1, 2, 3) but not PrP° from brains with other neurological disease (OND; MCL, 
multifocal calcifying leucoencephalopathy; AD, Alzheimer disease; PS, paraneoplastic syndrome) +, 
17D10; 4E4 immunoprecipitations. (d) Efficiency comparison of PK resistance and Tyr-Tyr-Arg 
immunoprecipitation (monoclonal antibody 16A18) from equivalent samples of frontal (1-4, 7, 8) and 
cerebellar (5, 6, 9, 10) regions of a CJD and a GSS brain, (e) Chimeric dog-mouse PrP^-specific IgG 
selectively precipitates PrP Sc , but not PrP c , from scrapie-infected mouse brain homogenate. 
Immunoprecipitated PrP was detected by immunoblotting with 6H4 (a,b,e) or 3F4 (c,d). 



are shown (Fig. 2b). Magnetic beads 
coupled to the positive control monoclonal antibody 6H4 immuno- 
precipitated PrP from both normal and prion-infected tissues, 
whereas beads coupled to three isotype-control monoclonal anti- 
bodies immunoprecipitated neither PrP isoform (Fig. 2b and Table 
1). In addition, monoclonal antibodies to Tyr-Tyr-Arg selectively 
immunoprecipitated PrP^ from prion-infected human brain 
homogenates (two classical sporadic CJD, one GSS, and three variant 
CJD) but did not immunoprecipitate PrP from 12 brains of other 
neurological diseases (Fig. 2c,d, Table 1 and data not shown). Direct 
efficiency comparison of the sensitivity of protease K digestion and 
Tyr-Tyr-Arg monoclonal antibody immunoprecipitation showed 



comparable signal in most species and brain regions (Fig. 2a,d) but 
revealed that selected prion disease brains contain immunoprecipi- 
tatable PrP, which is poorly resistant to protease K (Fig. 2d and data 
not shown). 

Although PrP^-specific polyclonal IgG antibodies to Tyr-Tyr-Arg 
have been successfully raised in rabbits (Fig. 2a) and goats (data not 
shown), all mouse monoclonal antibodies to Tyr-Tyr-Arg produced to 
date have been IgMs, even at the screening stage. In order to exclude 
the possibility that PrP Sc recognition is a low- affinity interaction 
dependent on the high avidity conferred by ten IgM antigen-binding 
sites, we constructed and expressed chimeric IgG monoclonal anti- 
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Figure 3 Characterization of PrP Sc -selective antibodies, (a) PrP Sc -selective antibodies and 6H4 recognize different sites on PrP*. Normal (N) or scrapie- 
infected (Sc) hamster brain homogenates were incubated with unconjugated control IgM 4E4 (lanes 1-4), 6H4 (lanes 5-8), 1A12 (lanes 9-12) or 17D10 
(lanes 13-16), followed by immunoprecipitation with magnetic bead-conjugated 6H4 (lanes 1, 2, 5, 6, 9, 10. 13 and 14), 1A12 (Ianes3 ( 7, 11 and 15), 
or 17D10(lanes4, 8. 12 and 16). (b) Saturability of Tyr-Tyr-Arg monoclonal antibody binding. A fixed quantity of 263K scrapie brain homogenate was 
probed with a titration of 16A18 monoclonal antibody beads followed by PK digestion. PrP(27-30) signal is proportional (immunoprecipitates directly, 
supernatants indirectly) to bead quantity, (c) 17D10 and 1 A12 epitope characterization. ELISA data are presented as percent inhibition of binding 
compared to binding without peptide <■, 4-MAP YYR; 4-MAP YAR; E, 4-MAP YYA; ■, 4-MAP AAA). Shown are means ± s.d. in = 3). (d) Monoclonal 
antibodies 1A12 and 17D10 selectively immunoprecipitate partially denatured human brain PrP. Lanes 2, 4, 6, 8: acidic pH- and guanidine HCI-treated 
brain samples; lanes 1. 3, 5, 7: mock-treated samples. Immunoprecipitated PrP was detected by immunoblotting with 6H4 (a-c) or 3F4 (d). 
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bodies from recombinant light- and heavy-chain variable regions of 
five different Tyr-Tyr-Arg monoclonal antibodies in a dog IgG frame- 
work 17 . All five recombinant bivalent IgG antibodies retained selective 
immunoprecipitation activity against PrP Sc (Fig. 2e and Table 1 ), con- 
sistent with a relatively high-affinity recognition of PrP Sc by the native 
IgM monoclonal antibodies. Tyr repeats have been reported to define a 
dominant B-cell epitope 18 , suggesting that the highly skewed IgM 
monoclonal antibody frequency we observed mav be the result of a 
specific mouse immune response to Tyr-Tyr-Arg antigens. 

The PrP Sc Tyr-Tyr-Arg epitope is saturable and specific 
We carried out antibody competition experiments to test the 
immunological authenticity of the PrP Sc -selective Tyr-Tyr-Arg epi- 
tope (Fig. 3a). Scrapie-infected hamster brain homogenates were 
incubated overnight with soluble Tyr-Tyr-Arg monoclonal antibodies 
1AI2 and 17DJ0, or the nondistinguishing PrP antibody 6H4, or the 
control antibody 4E4. These homogenates were then subjected to 
immunoprecipitation with the same series of antibodies covalently 
coupled to magnetic beads. Whereas pretreatment with soluble 1A12 
or 1 7D1 0 inhibited the immunoprecipitation of PrP Sc by either bead- 
conjugated Tyr-Tyr-Arg monoclonal antibody, neither soluble 6H4 
nor 4E4 monoclonal antibodies blocked PrP Sc immunoprecipitation 
by 1A12 and 17D10. Similarly, 1AI2 and 17D10 did not block the 
immunoprecipitation of PrP c or PrP^ with 6H4, despite the overlap 
of the reported 6H4 epitope and a Tyr-Tyr-Arg motif in helix I 
(ref. 7). The saturability of the PrP^-monoclonal antibody interac- 
tion was also tested by titration of 263K hamster scrapie brain 



Figure 4 Tyr-Tyr-Arg antibodies detect PrP 51 in diagnostic platforms and 
tissues, (a) Mouse PrP Sc detected in a 9 6- well capture format using 
monoclonal antibody-conjugated beads (Tyr-Tyr-Arg monoclonal antibodies 
16A18, 1A7, 9A4, 12A5, 12B1; isotype-control monoclonal antibody 4E4) 
and an isoform- nondiscriminating rabbit polyclonal antibody to PrP N 
terminus (■. scrapie; □, control). Results displayed as absorbance (OD) at 
450 nm. (b) Tyr-Tyr-Arg antibodies recognize low concentrations of PrP^ in 
ME7-infected mouse spleen. Top, normal (N) and scrapie-infected (Sc) 
mouse brain and spleen homogenates were mock- (-) or protease K (PKK 
digested (+) and PrP isoforms were revealed by 6H4 immunoblct. Bottom, 
Tyr-Tyr-Arg monoclonal antibodies lA12andl7D10 selectively precipitate 
PrP^ from scrapie-infected mouse spleen, (c) Tyr-Tyr-Arg monoclonal 
antibody 9A4 recognizes a population of dendritic cells from scrapie- 
infected sheep lymph nodes, CD58+CD45RO" retropharyngeal lymph node 
cells from scrapie-infected and normal sheep stained with 9A4 or control 
monoclonal antibody 4E4, 



homogenate with Tyr-Tyr-Arg 16A18-conjugated beads (Fig. 3b), 
showing that bead quantity is proportional to PrP^ and PrP(27-30) 
content of immunoprecipitates and supernatants. These data are con- 
sistent with specific and saturable immune recognition of a discrete 
PrP^ epitope by antibodies to Tyr-Tyr-Arg. 

To further characterize the Tyr-Tyr-Arg epitope, the fine specifici- 
ties of 1A12 and 17D10 were determined in a peptide competition 
ELISA system (Fig. 3c). As expected, the two Tyr-Tyr-Arg mono- 
clonal antibodies bound to plate- immobilized 4-MAP-Tyr-Tyr-Arg, 
but the isotype-control monoclonal antibody 4E4 and the isoform- 
nonspecific monoclonal antibody 6H4 did not (data not shown). 
Plate binding of 1A12 and 17D10was efficiently inhibited by soluble 
4-MAP-Tyr-Tyr-Arg, but not by 4 -MAP- Ala- Ala- Ala. Tyr-Tyr-Ala 
conjugate did not compete for binding of 1A12 or 17D10, whereas 
Tyr-Ala-Arg conjugate partially competed for the binding of 17D10, 
but not 1A1 2. These data suggest that 1A12 and 17D 10 possess over- 
lapping, but not identical, specificities in which all three amino-acid 
side chains participate in epitope recognition, although access to the 
terminal tyrosine and arginine residues maybe more important than 
the central tyrosine. 

Our data indicate that the PrP^- specific Tyr-Tyr-Arg epitope must 
be cryptic in PrP c ,but exposed to antibody binding in PrP^. Efforts 
to immunoprecipitate (3-sheet-rich recombinant mouse PrP treated 
at low pH (Fig. la,b) revealed that this preparation bound non- 
spccificallv to all tested antibodies, including isotype-control mono- 
clonal antibodies (data not shown). However, PrP c in normal 
human and mouse brain homogenates treated under identical con- 
ditions 19 acquires the Tyr-Tyr-Arg epitope (Fig. 3d and data not 
shown), suggesting that the tripeptide epitope is exposed when PrP is 
partially denatured in the context of native post-translational modi- 
fications (including two N-linked glycans and a glycosyl-phos- 
phatidylinositol anchor). 

p r pSc Tyr-Tyr-Arg reactivity is platform-independent 

Using a 96- well sandwich ELISA system, we observed PrP^ detection 
sensitivity with Tyr-Tyr-Arg monoclonal antibodies for capture, and 
a pan-PrP N-terminus polyclonal antibody for detection (Fig. 4a). In 
these experiments, scrapie-to-normal ratios ranged up to 25-fold for 
the panel of monoclonal antibodies tested, using a 1,000- fold final 
dilution of mouse ME7 scrapie brain. These data suggest that Tyr- 
Tyr-Arg antibodies may be useful in a robust high-throughput 
immunodetection system targeted against native PrP^. 

Several important natural prion diseases (such as scrapie and vari- 
ant C]D) arc accompanied by agent accumulation in biopsy- accessi- 
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ble peripheral lymphoid tissues. In mouse spleen, however, prion 
titers are at least 3-4 logs lower than those in brain 20 * 21 , and 
PrP(27-30) load in moribund animals is estimated to be at least 1-2 
logs less than that of brain 21 ' 22 . Despite low levels of PrP* in spleen 
compared with brain (Fig. 4b, upper panel), Tyr-Tyr-Arg mono- 
clonal antibodies 17D10 and 1A12 immunoprecipitated PrP 5 * from 
this tissue, but not PrP c (Fig. 4b, bottom panel). These data indicate 
that the sensitivity of the Tyr-Tyr-Arg monoclonal antibodies is suf- 
ficient to maintain PrP isoform specificity even in the presence of 
high concentrations of heterologous proteins. 

In diseases accompanied by lymphoid replication of prions, PrP^ 
preferentially accumulates in follicular dendritic cells {FDCs) 23 * 25 . 
Retropharyngeal lymph node dendritic cells (CD45RO"CD58 + ) 
from three of three scrapie-infected sheep displayed Tyr-Tyr-Arg 
surface immunoreactivity with the monoclonal antibody 9A4 
(8-29% of cells), but not the 4E4 isotype-control monoclonal anti- 
body (0-0.4%), whereas similar cells from three uninfected sheep 
did not stain with either monoclonal antibody (Fig. 4c). No signifi- 
cant Tyr-Tyr-Arg surface immunoreactivity was observed on sheep 
or rodent lymphocytes, or on dissociated brain cells from end-stage 
ME7 scrapie-infected mice (data not shown), suggesting that FDCs 
may selectively accumulate cell-surface PrP*. 

DISCUSSION 

We believe that the Tyr-Tyr-Arg motif constitutes the first hypothesis- 
driven PrP^-selective epitope derived from consideration of isoform- 
selective antibody accessibility to amino-acid side chains exposed 
during conformational conversion in prion diseases. Tyr-Tyr-Arg 
antibodies, in addition to recognizing the protease-resistant PrP that 
is key to most current diagnostic tests for prion infection, can also 
recognize misfolded but protease-sensitive PrP (Figs. 2d and 3c and 
data not shown). In prion disease, the latter, newly recognized molec- 
ular species 26 is characteristic of certain prion strains 27 , early prion 
infection 20-22 and interspecies prion transmission 28 . Protease-sensi- 
tive PrP 50 may represent a transient intermediate between normal 
structure and the abnormal, misfolded and aggregated PrP isoform 
that has acquired protease resistance 29 . The population of misfolded 
protease-sensitive molecules may also contain PrP*, the hypothetical 
PrP isoform responsible for the property of prion infectivity 30 . 

We showed surface immunoreactivity for Tyr-Tyr-Arg on living 
dendritic cells from scrapie-infected sheep lymph nodes, suggesting 
that PrP St can he maintained in the native ( infectiou.O conformation 
on these cells. FDCs are implicated in the immune presentation to B 
cells of native-structure antigens, completed at the cell surface with 
antibody or complement or both 31 . Recent studies have shown a role 
for complement components 32 * 33 and B cells 34 in lymphoid replica- 
tion and subsequent neuroinvasion of prions. It is thus possible that 
native PrP*, perhaps complexed with complement, may accumulate 
on FDCs for immune presentation to other lymphoid cells, which 
become concurrently infected with prions. Immune presentation of 
PrP* must be ineffectual, as no antiprion humoral or cellular 
immune response has been detected in prion infection 35 . 

The PrP 50 - selective Tyr-Tyr-Arg epitope may prove useful in 
immunotherapy or immunoprophylaxis of prion diseases. Recent 
findings show that antibodies directed predominantly against PrP c 
can clear scrapie-infected cells of PrP* in vitro 36 - 37 and can block the 
propagation of experimental scrapie in transgenic mice in vivo 9 . 
However, autoimmune recognition of PrP c could cause inappropri- 
ate activation of signaling cascades 38 , immunosuppression 39 and 
widespread complement-dependent cellular lysis 40 , although in 
some experimental paradigms such antibodies are apparently toler- 



ated 9,41 . Considering the key role of dendritic cells in scrapie, BSE 
and variant CJD 23,24 ' 25 , and the immunologic recognition of den- 
dritic cell-surface PrP* by Tyr-Tyr-Arg antibodies in physiological 
buffers (Fig. 4c), it is conceivable that circulating Tyr-Tyr-Arg anti- 
bodies could block prion neuroinvasion by neutralizing or opsoniz- 
ing gut or lymphoid prions during the peripheral incubation phase 
of these diseases. 

The isoform-selective exposure of Tyr-Tyr-Arg may help deter- 
mine the structure of PrP 5 *, for which only low-resolution fragmen- 
tary structures are currently available 42 . The three Tyr-Tyr-X motifs 
of PrP are apparently obscured to antibody recognition in PrP c by 
tertiary structural elements 14 " 16 and native post-translational modi- 
fications. We believe that the best candidate for the PrP 5 *- selective 
epitope is the Tyr-Tyr-Arg motif located in the PrP c p-strand 2. In 
support of this idea, Tyr-Tyr-Arg monoclonal antibody binding is 
not inhibited by 6H4 antibody (recognizing an overlapping epitope 
in a-helix 1; ref. 7), Tyr-Tyr-Arg monoclonal antibody binding 
seems to be critically dependent on the terminal arginine residue 
(lacking in theTyr-Tyr-Gln and Tyr-Tyr-Asp sequences of a-helix 3), 
and antibody access to the C terminus of native PrP (a-helix 3) does 
not differ for PrP c and PrP 5 * (ref. 43). Moreover, considering that 
access to all three side chains is necessary for Tyr-Tyr-Arg antibody 
binding, we speculate that p-strand 2 becomes exposed in disease as 
a result of the dissolution of the short P-sheet of PrP c . This notion is 
consistent with experimental data indicating that PrP 5 * has features 
of a molten globule 12,44 lacking some of the tertiary structural ele- 
ments of PrP c . 

The prion diseases may provide a prototype for disorders of pro- 
tein misfolding, including Alzheimer disease, amyotrophic lateral 
sclerosis and Parkinson disease. We hypothesize that conformational 
conversion of proteins in disease is accompanied by molecular sur- 
face exposure of previously sequestered amino-acid side chains. It is 
possible that exploitation of this 'side-chain accessibility* hypothesis, 
applied here to isoform-selective antibodies for PrP, may provide 
new diagnostic and therapeutic approaches to other post-transla- 
tional disorders of the proteome. 

METHODS 

Tyrosine and tryptophan fluorescence at varying pH. Recombinant mouse 
PrP( 23-231) (400 nM;gift of K.Qinand D.Westaway, University of Toronto) 
dissolved in 1.5 M guanidine hydrochloride (Sigma). 2 mM sodium phos- 
phate Ihicmai and 2 mM sodium curate (Sipma! nufk-rs was monitored h\ 
steady-state fluorescence using a 2 nm bandpass. The excitation and emission 
wavelengths were 275 nm and 310 nm for tyrosine fluorescence and 293 nm 
and 350 nm for tryptophan fluorescence measurements, respectively. 

Acrylamide quenching of tyrosine fluorescence. PrP(23-231) (400 nM) in 
1.5 M guanidine hydrochloride, 2 mM sodium phosphate and 2 mM sodium 
citrate was titrated with increasing concentrations of acrylamide (Sigma) at 
pH values of 7 and 3. Tyrosine fluorescence was measured using an excitation 
wavelength of 275 nm (bandpass of 2 nm) and an emission wavelength of 3 11 
nm (bandpass of 7 nm). Stern-Volmer plots were obtained by plotting the 
ratio of the observed fluorescence in the absence of acrylamide to the fluores- 
cence in the presence of acrylamide. 

Antibody generation. Polyclonal antibody C2 was produced by immunizing 
rabbits with KLH -conjugated Cys-Tyr-Tyr-Arg peptide. IgG from sera were 
purified on a protein A-Sepharose column (Pharmacia Amersham). 
Monoclonal antibodies were developed by immunizing and thrice boosting 
mice with KLH -conjugated CYYRRYYRYY peptide, in Freund complete 
adjuvant. Initial screening was done by testing antibody reactivity on 4-MAP- 
Tyr-Tyr-Arg-coated plates. Positive lgM was purified by size fractionation 
from ascites fluid. Monoclonal antibody variable regions were cloned into a 
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dog IgG framework from cDNA produced from hybridomas by PCR amplifi- 
cation. Light- and heavy-chnin variable regions were amplified using forward 
primers specific to the leader sequences and reverse primers specific to the 
first exon of the constant regions. Dog light- and heavy-chain constant 
regions were amplified in a similar fashion. PCR products were annealed and 
amplified using primers specific to the outer ends. Overlapped light- and 
heavy-chain PCR fragments were cloned into pcDNA3 vectors. Plasmid DNA 
was transfected into 293 cells, at a 3:1 light-to-heavy chain molar ratio, using 
Lipofectamin2000 (Invitrogen) under standard conditions. Recombinant 
chimeric IgGs were purified on protein A-Sepharose. A polyclonal nondistin- 
guishing antibody against PrP was produced by immunizing rabbits with a 
peptide corresponding to residues 23-56 of bovine PrP. IgG was purified 
from sera as described above. 

Preparation of acidic guanidine-HCl-treated PrP. We mixed 100 u.1 of 10% 
brain homogenate with an equal volume of 3.0 M guanidine HC1 (final con- 
centration 1,5 M) in PBS at pH 7.4 or pH 3.5 adjusted with 1 N HC1, followed 
by incubation at room temperature with shaking. After 5 h, samples were 
mixed with five volumes of prechilled methanol and incubated at -20 °C for 
2 h to precipitate the proteins. The samples were subjected to centrifugation 
at 16,000 g for 20 min at 4 °C to remove the acidic buffer and guanidine HC1, 
and pellets were resuspended in 100 Lil of lysis buffer. The samples treated at 
pH 7.4 were designated as mock-treated samples. 

Peptide ELISA. Hybridoma supernatants were produced by culturing 
hybridoma cells in DM EM (Wisent) supplemented with 20% FBS (Wisent). 
The culture medium was separated from the cells by centrifugation (1,000 g) 
for 10 min. Supernatants were diluted one-third in medium with 10% FCS 
and incubated with the indicated 4-MAP- peptide conjugates at 1 mg/ml final 
concentration for 2 h at 20-24 °C. lmmulon-4 96-well plates (Dynex) were 
coated with 100 uJ of peptide diluted to 10ng/ml in 100 mM carbonate buffer 
(pH 9.6). The coated plates were blocked with PBS and 1% BSA (Sigma) for 
2 h at room temperature. The supernatant mixtures were added to the 
4-MAP- Tyr-Tyr- Arg-coated plates for 30 min. After 6-8 washes with PBS and 
0.5% Tween 20, bound antibody was revealed using a horseradish peroxi- 
dase-labeled goat antibody to mouse immunoglobulin, diluted 1:3,000. 

Bead ELISA. Five microliters of mouse 10% brain homogenates were incu- 
bated with 15 pi of magnetic bead-conjugated antibodies to Tyr-Tyr-Arg in 
0.2 ml of immunoprecipitation binding buffer for 2 h at 20-24 °C with shak- 
ing. Washes were done in a similar fashion to the usual immunoprecipitation. 
Captured PrP^ was detected with purified rabbit IgG to PrP, followed by 
horseradish pcroxidase-labcled donkey antibody to rabbit immunoglobulin 
(Jackson), diluted 1:1,000. 

Flow cvtomctrv. Fresh retropharyngeal lymph nodes from normal and 
.scrapie- in lecied sheep wen- processed a> modified trom ref. 45. The ti^ur wa.« 
dissected into small chunks and incubated three times, at 37 °C for 15 min, 
with a solution containing 0.15 mg/ml Blenzyme I (Roche Diagnostics) and 
0.03 mg/ml DNase I (Roche Diagnostics). Viable lymph node cells were 
sequentially incubated for 1 5 min on ice with normal mouse serum, antibody 
to sheep CD58 (VMRD, Inc.), phycoerythrin-conjugated goat antibody to 
mouse IgGl (Southern Biotech Associates), antibody to sheep CD45RO 
(VMRD, Inc.), biotin-conjugated goat antibody to mouse lgG3 (Southern 
Biotech Associates), phycoerythrin-Cy5-conjugated streptavidin (Serotec) 
and 10 ug/ml of either a PrP^-specific antibody or the isotype control, fol- 
lowed by FITC-conjugated goat antibody to mouse IgM (Southern Biotech 
Associates). All antibody dilutions and washes were done using Dulbecco PBS 
supplemented with 2.5% FBS. 

Note: Supplementary information is available on the Nature Medicine website. 
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APPENDIX A 



Pep # Bovine aa Bovine Sequence 



1 


25-37 


KKKPKFvjWjWN 1 G 


2 


27-39 


RPKPGGGWN tggs 


3 


29-41 


KPGGGWNTGGSRY 


4 


31-43 


GGG WNTGG S R Y P G 


5 


33-45 


GWNTGGSRYPGQG 


6 


35-47 


NTGG S R Y PGQG S P 


7 


37-49 


GGSRYPGQGSPGG 


8 


39-51 


S R Y PGQGS PGGNR 


9 


41-53 


YPGQGSPGGNRYP 


10 


43-55 


GQGSPGGNRYPPQ 


11 


45-57 


GSPGGNRYPPQGG 


12 


47-59 


PGGNRYPPQGGGG 


13 


49-61 


GNRYPPQGGGGWG 


14 


51-63 


R Y P PQGGGGWGQ P 


15 


53-65 


P PQGGGGWGQ PHG 


16 


55-67 


QGGGGWGQPHGGG 


17 


57-69 


GGG WGQ PHGGG WG 


18 


59-71 


GWGQPHGGGWGQP 


19 


61-73 


GQ PHGGGWGQ PHG 


20 


63-75 


PHGGGWGQPHGGG 


21 


65-77 


GGG WGQ PHGGGWG 


22 


67-79 


GWGQ PHGGGWGQ P 


23 


69-81 


GQPHGGGWGQPHG 


24 


71-83 


PHGGGWGQPHGGG 


25 


73-85 


GGG WGQ PHGGGWG 


26 


75-87 


GWGQ PHGGGWGQ P 


27 


77-89 
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